Figure 1. The Tripeptide Anticodon of Bacterial Release Factors sive to both A and G (RF2). At the third position, Thr is
The first and third amino acids discriminate the second and third permissive to A and G (RF1), while Phe is restrictive purine bases. The C-2 amino group of G is a primary target for to A (RF2). These two discrimination switches operate discrimination by Pro and Phe, while Thr and Ser permit both C-2 separately since the Pro-Pro-Phe variant recognizes amino group and proton of purine (dotted circles suggest a contribution of hydrogen bonding). ‡ To whom correspondence should be addressed (e-mail: nak@ ims.u-tokyo.ac.jp).
One relevant example of precise recognition of spe- (Table 1) , contrary to the idea that codons, they appear to reduce accuracy in a general energy-driven proofreading enhances the accuracy of fashion that charge-flip changes may strengthen the termination of protein synthesis. The second surprise binding of RFs or influence the docking position to ribowas the enormous precision by which RF1 can discrimisomes in a codon-independent way. When the affinity nate between a U (cognate) and a C (noncognate) in the between an enzyme and its cognate and noncognate first position of codons. The efficiency of termination at substrates is increased in a nonspecific way, the accu-CAA and CAG by RF1 is reduced a little less than a racy of the reaction will be reduced (Kurland et al., 1996) . million-fold while the corresponding error by RF2 at CAA This suggests that although the charge-flip variant omand CGA codons is about 20 times larger. This means nipotence may appear similar to the "Ser-Pro-Thr" trithat protein-RNA interactions can be so precise that peptide anticodon, the mechanisms may be completely Pauling's paradox doesn't arise. The third surprise was different: the former may be a loss of specificity due to that processivity losses in vivo caused by RF (Kurland a nonspecific increase in binding between factor and et al., 1996, and references therein) seem to be domiribosome while the latter is a genuine loss of intrinsic nated by two hot spots for false termination events: UGG selectivity of codon-anticodon interactions. (Trp) codon for RF2 and UGU (Cys) for RF1 (Freistroffer et Recycling al., 2000) .
After release of polypeptides by RFs, the ribosome is Accurate Chemical Interaction between Peptide in complex with deacylated tRNA (in P site), a class I Anticodon and Stop Codon RF (in A site) and mRNA. In bacteria, the first step in The anticodon tripeptide defines the identity of RF1 and ribosomal recycling back to initiation is dissociation of RF2 and explains how they avoid terminating at Trp RF1 or RF2 from the ribosome, which is accelerated by codons (UGG). RF1 reads the RF2 stop codon UGA RF3 in a GTP-dependent manner (Karimi et al., 1999, more than 100,000 times less efficiently and UGG about and references therein). Efficient release of RF1 and RF2 50,000 times less efficiently than it reads UAA/G (Table  by RF3 and references therein), but the mechanism behind this of discrimination is steric exclusion of the C-2 amino event has remained unclear. group of G by either of the two bulky amino acids, while Recently, Liljas and colleagues solved the 2.55 Å crys-"wobble" recognition of both purines by the two hydrotal structure of Thermotoga maritima RRF and found philic amino acids is likely to involve hydrogen bonding that it superimposes almost perfectly with tRNA except that the amino acid binding 3Ј end is missing (Selmer (Figure 1) . its exceptional tripeptide. A simple omnipotent discriminator tripeptide of E. coli type could not account for the exclusive recognition of all three stop codons, since it would recognize UGG as well (Ito et al., 2000) . It remains to be seen whether the predicted Thr-Ala-Ser tripeptide in eRF1 can permit any two purines in second and third codon positions except double Gs. It is worth mentioning that functional assessment of each domain of eRF1 still remains to be verified because the mutant phenotypes of the GGQ motif or the disabled codon recognition, which are behind the prediction of domain function, can be generated by several topologically distinct alterations in bacterial RF1 and RF2 (Nakamura and Ito, 1998 emphasized by the fact that the C-terminal one-third the P site of the 30S particle. Therefore, the mechanistic domain of eRF3, without the G domain, is sufficient for significance of a tRNA mimic by RRF remains to be binding to eRF1 (Frolova et al., 2000) . This is in sharp verified.
contrast with other translational G proteins (e.g., EF-Tu, Structure and Function of eRF1 eEF1) whose substrate binding is controlled by their G The recently published crystal structure of human eRF1 domains. Therefore, the significance of the G domain to 2.8 Å by Barford and colleagues (Song et al., 2000) of eRF3 remains obscure, but also the main role in revealed that the overall shape and dimensions of eRF1 eukaryotic termination of translation of this essential resemble a tRNA with domains 1, 2, and 3 of eRF1 factor is still unknown. It is likely that one function of corresponding, respectively, to an anticodon stem, an eRF3 is to recycle class I RFs, in analogy with RF3. aminoacyl acceptor stem, and a T stem (see Figure 2) . However, eRF3 may also enhance accuracy of terminaThis domain assignment relies on the assumption that tion by proofreading. This may be necessary since the universal GGQ motif (Frolova et al., 2000 , and refereRF1s normally recognize all three stop codons, possiences therein) located at the tip of domain 2 is a strucbly making discrimination against sense codons more tural counterpart of the tRNA aminoacyl group on the difficult. One may also ask whether eRF3 has another CCA-3Ј acceptor stem and that a codon-specific disnovel function(s) associated with its prion-like N-termicrimination defect can be created in domain 1 (Song et in the Translational Apparatus Extending the bacterial tripeptide "anticodon" analogy Molecular mimicry between protein and RNA was first to eRF1s, it is speculated that a "Thr-Ala-Ser" tripeptide suggested by Nyborg, Clark, and colleagues when they adjacent to the helical hairpin might play the role of saw that the crystal structure of the EF-Tu:GTP:aminoan omnipotent discriminator tripeptide. This gets some acyl-tRNA ternary complex has high structural similarity support from the strong conservation of Thr-Ala-Ser in with EF-G, e.g., so that domain IV of EF-G mimics the eukaryotes, with Tetrahymena as the exception with anticodon stem of tRNA (Nissen et al., 1995) (Figure 2 ). Lys-Ala-Ser in this position. Interestingly, Tetrahymena
Tethered radical footprinting and cryo-electron microshas UGA as sole stop codon with UAA and UAG reascopy analysis of the EF-G:ribosome complex reveals A site occupation by domain IV of EF-G and proximity of signed to glutamine codons, which is consistent with
